Abstract In the resource-limited Arctic environment, vegetation developing near seabird colonies is exceptionally luxuriant. Nevertheless, there are very few detailed quantitative studies of any specific plant species responses to ornithogenic manuring. Therefore, we studied variability of polar scurvygrass Cochlearia groenlandica individual biomass and leaf width along a seabird influenced gradient determining environmental conditions for vegetation in south-west Spitsbergen. We found seabird colony effect being a paramount factor responsible for augmented growth of C. groenlandica. The species predominated close to the colony and reached the highest mean values of individual biomass (1.4 g) and leaf width (26.6 mm) 10 m below the colony. Its abundance and size declined towards the coast. Both C. groenlandica individual traits significantly decreased with distance from the colony, soil water and organic matter content and increased with guano deposition, soil d 15 N, conductivity, acidity and nitrate, phosphate and potassium ion content. Our study supports the hypothesis that seabirds have fundamental importance for vegetation growth in poor Arctic environment. Highly plastic species such as C. groenlandica may be a useful instrument in detecting habitat condition changes, for instance resulting from climate change.
Introduction
Environmental conditions in Arctic terrestrial ecosystems are severe, even during summer, through factors including low nutrient and water availability, short growing season, unstable weather conditions and permafrost. Vegetation consists mainly of lichens, mosses and vascular plants of low stature and low productivity (Callaghan 2001; Thomas et al. 2008) . At the same time, the adjacent marine environment is highly productive due to vertical mixing of water masses and the high levels of activity of photosynthetic diatoms (Cocks et al. 1998; Stempniewicz 2005; Stempniewicz et al. 2007 ; Thomas et al. 2008) . Terrestrial ecosystems may benefit from this rich neighbour but only in the presence of a vector that enables nutrients transport from the sea.
Seabirds constitute the most important link between these two environments. They feed at sea and breed on land, often in very large colonies. During the summer reproductive season, seabirds deposit considerable amounts of guano, as well as dead birds, chicks, feathers, egg shells and food remnants such as fish and/or crustaceans (Polis et al. 1997; Bokhorst et al. 2007 ). Stempniewicz (1990 Stempniewicz ( , 1992 reports that during one breeding season in Hornsund (south-west Spitsbergen), little auks (Alle alle) deliver *60 t of guano dry mass per km 2 of colony area and *25 t around the colony. Odasz (1994) gives data of 150 kg guano deposited per day below the cliff inhabited by ca. 6,000 pairs of kittiwakes Rissa tridactyla and Brunnich's guillemots Uria lomvia in the Krossfjorden region (north-west Spitsbergen). Thanks to decomposers (soil invertebrates and microorganisms) nutrients of marine origin such as nitrogen, phosphorus, potassium and calcium are released into the soil and then assimilated by primary producers (Ryan and Watkins 1989; Cragg and Bardgett 2001; Hodkinson et al. 2002; Smith and Froneman 2008) . The amount of biogenic salts delivered by colonial polar seabirds is much larger than that originating from any other source, such as precipitation, sea spray or nitrogen bound by lichens and cyanobacteria (Cocks et al. 1998; Erskine et al. 1998; Bokhorst et al. 2007 ). Vegetation developing near seabird colonies, called 'ornithogenic tundra' in Arctic regions (Eurola and Hakala 1977) , forms continuous mats and is exceptionally lush and diverse (Elvebakk 1994; Rønning 1996) .
Many studies have demonstrated that seabirds are responsible for augmented vegetation growth through their nutrient input (e.g. Wainright et al. 1998; Wait et al. 2005; Zmudczyńska et al. 2009; Mulder et al. 2011; Smith et al. 2011; Zwolicki et al. 2013 ). Nonetheless, current knowledge and understanding of seabird impact on tundra productivity remains incomplete. It is widely believed that seabird impact is strongest close to large colonies, decreasing with distance, resulting in changes in soil nutrient availability, water content and the level of seabird physical disturbance. At the community level, plants may respond to these changes through variation in cover, species richness, or diversity, depending on species adaptations, requirements and tolerance (Odasz 1994; Theodose and Bowman 1997; Vidal et al. 2003; Pennings et al. 2005; Wait et al. 2005; Zelenskaya and Khoreva 2006; Smykla et al. 2007) . At the individual level, conspecific plants may differ in size, morphology, above-and below-ground biomass, content of nutrients such as nitrogen or phosphorus and thus physiological properties including photosynthetic abilities and productivity (Wainright et al. 1998; Anderson and Polis 1999; Zelenskaya and Khoreva 2006; Madan et al. 2007; Zmudczyńska et al. 2008) . Trait information within individual species can directly link the response of a species to variable habitat conditions along environmental gradient and is relatively easy to quantify. Individual variability can be influenced by several environmental factors such as nutrient availability (Wookey et al. 1994; Fonseca et al. 2000; Rubio et al. 2003; Trubat et al. 2006; Morgner and Pettersen 2007; Meissner 2008, 2010; Khoreva and Mochalova 2009) , water content (Meškauskait_ e and Naujalis 2006; Trubat et al. 2006) , altitude (Taguchi and Wada 2001) , light (Bragg and Westoby 2002), wind (Niklas 1996) or grazing (Semmartin and Ghersa 2006) . However, there are very few detailed quantitative studies of any specific plant species responses to gradients of seabird influence (but see Zmudczyńska et al. 2008; _ Zółkoś et al. 2008 _ Zółkoś et al. , 2010 . Our first research on this subject concerned the variability of alpine saxifrage Saxifraga nivalis L. along the gradient of soil and tundra variability induced by a seabird colony (Zmudczyńska et al. 2008) .
This study focuses on polar scurvygrass, Cochlearia groenlandica L. The species has a circumpolar distribution (Elven et al. 2011) and is widespread and very common throughout Svalbard (Rønning 1996) . Nevertheless, its size and morphology differ considerably depending on the location and environmental conditions, which suggests its high plasticity and relatively quick reaction to habitat change (Odasz 1994; Morgner and Pettersen 2007) . The aim of the study was to document variability of C. groenlandica individual biomass and leaf width along a seabird influenced gradient determining environmental conditions for vegetation. Positive phenotypic response of the species for seabird induced habitat alteration would support the hypothesis that seabirds have fundamental importance for vegetation growth both on individual and community level in the resource-limited Arctic environment. Cochlearia groenlandica had wider range of occurrence on the studied area than previously investigated S. nivalis; thus, it gave much better opportunity for correlating its biometric features with the seabird impact.
Materials and methods

Study area
The study was conducted on the north coast of Hornsund (south-west Spitsbergen, Svalbard) in an area of tundra between a large seabird colony and the coast. The colony was situated on Gnålberget cliff (77°01 0 N 15°52 0 E) and consisted of Brunnich's guillemots (Uria lomvia) and black-legged kittiwakes (Rissa tridactyla), both piscivorous species. The area included ca. 500 m between the nesting cliff and seashore, within which a study transect was established, initially with an inclination of 40°-50°d irectly under the cliff itself and terminating with the flat plain at the coast (Fig. 1) . Since the study area was situated along one slope, not higher than ca. 200 m asl, its exposure, insolation and accessibility for herbivores were similar across the whole transect.
Plant communities occurring in the study area are characteristic of well-fertilised bird cliff vegetation (Røn-ning 1996) , with vegetation cover typically 80-98 % across the transect, excepting the seashore itself and sites directly under the cliff that were damaged mechanically by falling rocks. Well-developed vascular plants and algal mats predominated over mosses. The zonal character of vegetation along the colony-sea axis was clearly defined. The plant community developing closest to the cliff and down the slope to ca. 40 m below the colony predominantly comprised C. groenlandica and Prasiola crispa. This gradually changed to communities dominated by Cerastium arcticum-Poa alpina (40-100 m from the cliff), Saxifraga caespitosa (100-160 m) and Festuca rubra (160-240 m). The flatter transect sector adjacent to the shore (240-450 m) was characterised by a Saxifraga oppositifolia-Sanionia uncinata community (Wojtuń, in Zmudczyńska et al. 2009 ).
In a separate study at this location, we defined a transect situated on a topographically similar area but beyond the routine flight route of the seabirds and hence under minimal seabird influence (Zmudczyńska et al. 2012; Zwolicki et al. 2013 ). This was also on Gnålberget slope ca. 300 m away from the colony and with the same inclination and sampling plots design. Across this transect, there were no gradual changes in soil physical and chemical properties (Zwolicki et al. 2013 ) nor in plant communities (Zmudczyńska et al. 2012 ) along the slope. Vegetation was limited with lower total cover and a higher proportion of mosses, lichens and cyanobacteria. The slope was almost entirely covered with a Sanionia uncinata-Tortula ruralis community, with the exception of the seashore part of the transect that hosted a Sanionia uncinata-Straminergon stramineum community. However, C. groenlandica contributed much less than 1 % of the total cover in sampling plots 1-5, 7 and 8 and was completely absent within sampling plots 6, 9 and 10 of this transect. The sparse individuals were of similar size to that of plants growing in the coastal sector of the current study area, whenever they occurred along the transect.
Study species
Cochlearia groenlandica (Family: Brassicaceae) is a widespread circumpolar, mainly high-Arctic forb. It may occur in habitats including wet meadows, hummocks, around the margin of ponds, depressions of low-centred polygons, along streams, river terraces, ridges and seashores. In these habitats, it is found growing on substrata including rocks, gravel, till, moss, soils with low organic content and acidic, nitrophilous or non-calcareous characteristics (Rønning 1996; Aiken et al. 2007; Elven et al. 2011) . Individual plants live 2-5 years. Individual leaf rosettes develop during the first 2 years, with flowering in the subsequent year, after which the leaf rosette dies (Rønning 1996; Aiken et al. 2007 ). Maessen et al. (1983) reported that, in a mesic habitat on gravelly soil, its aboveground production comprised 71 % of the total biomass. Once reproductive structures appeared, bulk resources (up to 80 % of aboveground biomass) were allocated to them. The plant is very plastic in its response to the environment, as with other species of the genus Cochlearia ( inflorescence. The latter, growing densely and profusely at the foot of and directly on bird cliffs, has fleshy and longstemmed leaves which are 2-3 cm in diameter and equal in length or longer then the inflorescence (Rønning 1996) . Extensive and luxuriant C. groenlandica occurrence adjacent to large seabird colonies has been observed in many areas of Svalbard (e.g. Odasz 1994; Morgner and Pettersen 2007; authors' own data).
Sampling and analyses
The study was conducted during July and August of 2005 (soil analyses, guano deposition) and 2006 (C. groenlandica variability, guano deposition). Within the study area, a line transect (*450 m long), consisted of 19 160 9 160 cm sampling plots, was traced down the slope between the colony and the seashore (Fig. 1) . Along the transect, more sampling plots were situated in the zone of expected strong impact of the colony where the greatest variation in vegetation was observed than in the coastal area that was less influenced by seabirds and where the vegetation was more homogenous (accurate locations of sampling plots described in Table 1 ).
Cochlearia groenlandica variability
We collected C. groenlandica individuals from all sampling plots. Starting from the upper left corner of a sampling plot, first 30 non-flowering specimens with a single rosette (without flowers or flowering stems, assuring they were equally no older than 2 years) were harvested from each plot (N = 568 in total, 2 specimens were lost during analyses). If insufficient C. groenlandica individuals were present within a sampling plot, we took plants from the immediate vicinity of the plot (this applied to plots 15-19, which were separated by at least 50 m). Two parameters were used to characterise individual variability in the population. These were (a) leaf width and (b) above-ground biomass of an individual, chosen because of their high sensitivity to environmental factors (Traiser et al. 2005) . The width of a leaf, as it is the photosynthetically active part of the plant, is recognised as a measure of its size (Fonseca et al. 2000; Bragg and Westoby 2002) and thus of the condition of the whole plant. Similarly, biomass shows the productivity of a particular species in changing environmental conditions (Anderson and Polis 1999) . For each individual, we measured the maximum width of the three largest leaves (precision 1 mm) and above-ground dry mass of each individual (precision 0.01 g).
We also assessed C. groenlandica cover (%) and total vegetation cover (%) within every second sampling plot (N = 10 in total).
Soil physicochemical analyses
We took samples of soil for physicochemical analyses from every second sampling plot (the same used for vegetation cover analyses, N = 10 in total). We collected three soil samples from three points along the same diagonal of each sampling plot (one from the centre and two from the corners of each quadrat) (N = 30 samples in total). Each sample was taken with a shovel from the soil surface layer (to a depth of ca. 5 cm) and contained about 500 cm 3 of soil. At sampling locations with very compact vegetation, we removed and discarded the upper layer of live and dead, poorly decomposed, plant material. We prepared the soil samples for analyses in the laboratory immediately after return from the field. Each sample was divided into four sub-samples, 80 cm 3 each, and weighed with electronic scales (precision 0.1 g) before assessment of: 1) Gravimetric water content (%) and organic matter content (%)
Soil sub-samples were ground and dried at 40-60°C to constant mass. Water content (W) was defined as:
where m w was the mass of water and m s was dry mass of soil (Myślińska 1998) . Soil organic matter content in dried sub-samples was measured at the Institute of Soil Science and Plant Cultivation (State Research Institute), Puławy, Poland, by measuring loss on ignition (Ostrowska et al. 1991; Heiri et al. 2001) .
2) Conductivity (lS) and pH Soil sub-samples were mixed with 160 cm 3 of distilled water and mixed by shaking for about 20 min, before being filtered through a sieve (0.5 mm diameter mesh). We measured conductivity and pH in this filtrate using a pH/ conductance/salinity metre CPC-401 (Elmetron).
3) Content of nitrogen (NO 3
) and phosphorus (PO 4 3-) (mg kg -1 soil dry mass) Soil sub-samples were mixed with 200 cm 3 of 0.03 N acetic acid. Closed vessels were left for ca. 60 min, being shaken every 10 min. The solution was filtered through a sieve (0.5 mm diameter mesh) and then through a filter paper (MN 640 w, Macherey-Nagel). We analysed the filtrate, diluted with distilled water in the case of sub-samples with very high concentrations, with a photometer LF205 (Slandi) following standard procedures (Cygański 1994) .
Changes in soil physical and chemical properties with distance from the colony and with the seabird guano deposition are shown in Zwolicki et al. (2013) . 4) Nitrogen isotopic signature d 15 N (%) Soil sub-samples were ground and dried at 40-60°C to constant mass, then sieved through a 0.25 mm mesh to remove stones and large plant debris, and ground with a vibrating mill (LMW-S, Testchem) to a grain size of less than 0.03 mm in diameter. A small amount of each soil sub-sample (1-2 mg, weighed with a microbalance, precision 0.001 mg) was packed into a tin capsule. Nitrogen isotope ratio was determined by a continuous flow mass spectrometer (Thermo Fisher, Delta V Advantage) coupled to an elemental analyser (Thermo Fisher, Flash EA 1112) at University of La Rochelle. Results were expressed in the conventional d 15 N notation, according to the equation:
where R sample was the stable isotope ratio 15 N/ 14 N in the analysed sample, and R standard was the stable isotope ratio 15 N/ 14 N in the reference material, i.e., atmospheric N 2 (Ehleringer and Rundel 1989; Kelly 2000) .
Guano deposition
To estimate seabird guano deposition along the studied transect, we placed a black plastic sheet (150 9 150 cm) adjacent to each of 10 sampling plots (the same used for soil and vegetation cover analyses). A digital picture of each sheet was taken every 24 h (Canon PowerShot A95, resolution 5.0 million pixels), on each occasion being cleaned before being re-exposed (9 days total). We estimated the area covered with guano by analysing the pictures with SigmaScan Pro 5.0.0. software. Using an earlier calibration (drying and weighing 10 sheets of known guano covered area and calculating the regression equation ).
Statistical analysis
To examine relationships between C. groenlandica traits and environmental variables, we used the nonparametric Spearman's rank correlations because of rather low number of repetition of environmental variables' measurements (linear Pearson's correlation coefficient was lower than that of the nonparametric Spearman's rank correlation in every corresponding relationship) and linear regression models with 95 % confidence intervals as they showed the clearest patterns. We used the median of three values of soil properties from each individual sampling plot. Data of both the C. groenlandica traits and all the environmental variables were logarithmically transformed to reduce variance heterogeneity. As a representative of all the presumably ornithologically modified soil properties (ion, organic matter and water content and conductivity), we used first axis of the principal component analysis (PCA) that explained 75.1 % of those properties total variability and correlated the axis with C. groenlandica traits. During PCA, data were also centred, standardised and divided by standard deviation (ter Braak and Š milauer 2002). Calculating the regression, we excluded from the analyses the outstanding plots, i.e., plot 1 that was situated directly below the cliff, and showed extreme values of most of the environmental variables and susceptibility for the mechanical damage, and plots 18-19 located at the end of the transect, which might be influenced by the sea (all those plots exist on graphs but have not affected the regression lines). Data were processed using STATISTICA 10.0 (StatSoft, Inc. 2011), MATLAB R2011b (MathWorks, Inc. 2011) and CANOCO 4.55 (ter Braak and Š milauer 2002).
Results
Cochlearia groenlandica occurred within the entire study area but with noticeable variation in abundance. Directly under the bird cliff, it was the dominant vascular plant, contributing 25 of 30 % of total vegetation cover (including vascular plants, mosses and lichens). Up to 10-15 m downslope, the species contributed 55 of 90 % total cover and, within the next 30 m, 75-80 % of a total of 80-95 % vegetation cover. About 50 m below the colony, the species contributed 50 % of vegetation cover, reducing to only 10 % cover a further 30 m below. From about 125 m to the shore C. groenlandica contributed 3 % cover or less (Table 1) . The size of C. groenlandica specimens differed depending on the location. Both leaf width and individual biomass decreased significantly with distance from the seabird colony (r S = -0.83 and r S = -0.72, respectively, P \ 0.001 in both; Table 2 ; Fig. 2a, b) . Closest to the colony, directly beneath the cliff, C. groenlandica individuals weighed 0.959 (±1.430) g on average and their largest leaves were 21.7 (±9.0) mm wide ( Table 1 ). The individual with the widest leaves (46 mm) was collected here. Near the coastline, individuals weighed ca. 0.01 g and had leaves not wider than 3.2 mm. On average, the highest values of leaf width (26.6 ± 10.3 mm) and individual biomass (1.355 ± 1.373 g) were observed within sampling plot 4, i.e., about 10 m below seabird colony. The highest individual biomass (6.500 g) was recorded 15 m from the cliff.
Cochlearia groenlandica leaf width and individual biomass strongly correlated with seabird guano deposition (r S = 0.79 and r S = 0.69, respectively, P \ 0.001 in each; Table 2 ; Fig. 2c, d ). Relationships with soil d 15 N content were also highly significant (leaf width: r S = 0.48, individual biomass: r S = 0.53, both P \ 0.001).
Leaf width and individual biomass of C. groenlandica were positively correlated with conductivity (r S = 0.59 and r S = 0.52, respectively, both P \ 0.001; Table 2 ) and acidity of the soil solution (r S = 0.48 and r S = 0.38, both P \ 0.001; Table 2 ) as well as with phosphate (r S = 0.83 and r S = 0.73, both P \ 0.001; Fig. 3a, b) , nitrate (r S = 0.74 and r S = 0.69, both P \ 0.001; Fig. 3c, d ) and potassium (r S = 0.60 and r S = 0.57, both P \ 0.001) ion content in soil, but not with ammonium (leaf width: P [ 0.05 and individual biomass: r S = -0.13, P \ 0.05). We observed a strong negative correlation of C. groenlandica leaf width and individual biomass with soil organic matter (r S = -0.82 and r S = -0.74, both P \ 0.001) and water content (r S = -0.80 and r S = -0.71, both P \ 0.001). The strongest relationships were recorded between C. groenlandica traits and the first PCA axis that represented all the studied chemical and physical soil properties (leaf width: r S = 0.84 and individual biomass: r S = 0.74, both P \ 0.001; Table 2 ; Fig. 4a, b) . Phosphate and nitrate contents were most related to the axis (PO 4 3-: r = 0.93 and NO 3 -: r = 0.95, both P \ 0.001).
Discussion
This is the first detailed study of C. groenlandica abundance and individual biometric parameter variability along a seabird influenced gradient. In our study area, the species was very abundant adjacent to the colony (where it constituted more than half of the total plant cover), almost completely predominated at 15-45 m from the colony, and then decreased towards the coast. Leaf width of specimens found along the study transect covered the full range of this plant's leaf size described for Svalbard (Rønning 1996) and the Canadian Arctic Archipelago (Aiken et al. 2007) . Along this gradient, from the colony to the sea, C. groenlandica leaf size diminished almost tenfold and individual biomass decreased by around two orders of magnitude N number of samples * P \ 0.05, *** P \ 0.001, ns non-significant (P [ 0.05) (Table 1) . Plants achieving the greatest size were found only in the vicinity of seabird colony. Plants occurring below the colony and further down the slope to ca. 150 m distance had large (up to 46 mm width), long-stemmed, succulent leaves and were characteristic for fertile ornithogenic sites as described by Rønning (1996) . Individuals of such size and structure were observed in other localities where seabirds abundantly nested, for example, on Fuglefjella (Isfjorden) and southern Bear Island (authors' own data). Specimens found within lower part of the transect had more regular and low rosettes and smaller leaves. Such C. groenlandica forms may be found in poor habitats (Rønning 1996) . Physical and chemical soil properties and plant communities in this part of the transect were similar to that of non-ornithogenic areas (Wojtuń, in Zmudczyńska et al. 2012; Zwolicki et al. 2013) . Furthermore, the slightly inclined or completely flat coastal terrace had snow cover for much longer than the slope above (author's unpubl. data). It is therefore possible that persistent snow cover may have deformed plants and/or shortened the growing season and limited the period of resource acquisition (Sonesson and Callaghan 1991) . Nonetheless, no snowrelated changes in vegetation morphology were seen within the topographically similar area that was situated along Gnålberget slope away from the colony. Hence, snow cover seems to have relatively low impact on vegetation comparing to seabird manuring. The existence of specialised ecotypes that may use different strategies for survival extends the habitat range occupied by a species, especially in extreme environments, and is often observed in Arctic plants, for instance in Saxifraga oppositifolia (Kume et al. 1999; Crawford 2005; Müller et al. 2012) and Dryas octopetala (McGraw and Antonovics 1983) . However, in the case of C. groenlandica, we cannot discriminate between ecotypes with data collected within study area of that size and without transferring specimens along the gradient. Furthermore, the influence of seabirds possibly overlapped with this variability, as leaf width and individual biomass decreased consistently along the transect and with changing soil properties. Strong relationships observed between C. groenlandica individual traits and soil physical and chemical properties (analysed both one by one and all together in PCA) along the colony-sea axis, and similar correlations between distance from seabird colony and guano deposition versus soil properties, described by Zwolicki et al. (2013) , confirm the findings of previous studies that the seabird colony influence appears to be the most important factor modifying habitat conditions in the area (Anderson and Polis 1999; Cocks et al. 1998; Erskine et al. 1998; Wainright et al. 1998; Wait et al. 2005; Stempniewicz et al. 2006; Zmudczyńska et al. 2009 Zmudczyńska et al. , 2012 . C. groenlandica individual traits were significantly correlated with guano deposition, soil nitrogen stable isotope ratio and almost all Table 2 ). The exception was ammonium ion content, which correlated weakly and negatively with C. groenlandica individual biomass and showed no relationship with the plant leaf width. This difference may be due to volatilisation to its gaseous form (NH 3 ), and limited absorption by cationexchange soil components, and the processes occur where heavy load of excrements is deposited. What is more, lower water content and better aeration of soil close to the colony might promote more intensive nitrification and thus further loss of ammonium (Lindeboom 1984; Staunton Smith and Johnson 1995; Ligeza and Smal 2003) . Notably, while C. groenlandica is recognised to be a plant that is characteristic of wetter habitats (Aiken et al. 2007 ), in the current study its individual biomass and leaf size strongly decreased with higher soil water content, i.e., down the slope (however, a part of the water might be enclosed in bulk undecomposed plant material which means unavailable for C. groenlandica there). This observation indicates that nutrient availability was much more limiting for its growth than water content in this location. Similar observations at Ny-Å lesund (west Spitsbergen) were reported by Wookey et al. (1994) , who found no response of Polygonum viviparum vegetative or reproductive structures to the addition of water but significantly increased vegetative and asexual generative development after addition of nutrients. Nevertheless, low contents of nitrogen and phosphorus reduce root hydraulic conductance and thus restrict effective water transport inside a plant and its normal growth (Radin and Matthews 1989; Trubat et al. 2006 ). This may apply in the lower part of the transect, which was moist but poor in nutrients.
Another Arctic species, alpine saxifrage Saxifraga nivalis, similar to C. groenlandica, increased in abundance and individual size under the influence of the studied colony, but the effect was apparent over a shorter distance. The highest values of S. nivalis individual biomass and leaf width were observed ca. 40 m below the colony and no specimens were found higher on the slope (Zmudczyńska et al. 2008 ). This might be related to less effective nitrate assimilation resulted from lower nitrate reductase activity (NRA) of S. nivalis (constitutive NRA = 0.81 and fertiliser induced NRA = 1.07 lmol NO 2 -g fresh weight -1 h -1 ) comparing to very high values of this parameter observed for C. groenlandica (constitutive NRA = 3.55 and fertilised NRA = 4.35 lmol NO 2 -g fresh weight -1 h -1 ) (Odasz 1994) . The absence of S. nivalis directly below the bird cliff may also be due to mechanical disturbance observed within this site. Small and large rocks commonly become detached from the cliff and roll down the slope, along with remnants thrown out from the nests, continually damaging the ground and harming the vegetation by crushing plant tissues. In such comparison, C. groenlandica appeared to be more resistant to both high fertilisation and mechanical disturbance. It was commonly seen growing directly on rock ledges and in cracks where a large biomass of guano was accumulated. It also colonised the mechanically uncovered grounds as a first species even if did not dominated in the vicinity (authors' own data).
Our study supports the hypothesis that seabirds have fundamental importance for vegetation growth in the resource-limited Arctic environment. The widespread ruderal species C. groenlandica is capable of growing in poor habitats, but in no other sites than those strongly fertilised by seabirds does it reach anything approaching its maximum size (with leaves up to almost 5 cm wide). Its wide range of occurrence and very well-defined phenotypic response to variation in habitat conditions along the gradient of seabird influence make this plant a useful instrument for further studies, for instance on vegetation limits of tolerance for ornithogenic impact, and resource and biomass allocation strategies in the presence of changing nutrient availability and mechanical disturbance. Highly plastic species as C. groenlandica may also be early responders to aspects of climate change. For instance, increase in temperature causing earlier snow disappearance and subsequently lengthening of the growing season, along with deeper melting of the upper layers of permafrost, may lead to an activity increase in temperature-dependant microorganisms that decompose and mineralise organic matter. This would improve nutrient availability and overall conditions for vegetation growth for species such as C. groenlandica, which was suggested by Chapin and Shaver' on the basis of 9-year tundra experiments stimulating climate change (Chapin et al. 1995, Chapin and Shaver 1996) .
